ABSTRACT Experiments were conducted to examine how several key factors affect population growth of the small hive beetle, Aethina tumida Murray (Coleoptera: Nitidulidae). Laboratory experiments were conducted to examine effects of food quantity and temperature on reproduction of cohorts of young A. tumida adults (1:1 sex ratio) housed in experimental arenas. Daily numbers and total mass of larvae exiting arenas were highly variable within treatment. Either one or two cohorts of larvae were observed exiting the arenas. Food quantity, either 10 g or 20 g, did not significantly affect the number of larvae exiting arenas at 32 C, but did at 28 C; arenas provided 20 g food produced significantly more larvae than arenas provided 10 g. Temperature did not affect the total mass of larvae provided 10 g food, but did affect larval mass provided 20 g; beetles kept at 28 C produced more larval mass than at 32 C. Field experiments were conducted to examine A. tumida reproductive success in full strength bee colonies. Beetles were introduced into hives as egg-infested frames and as adults, and some bee colonies were artificially weakened through removal of sealed brood. Efforts were unsuccessful; no larvae were observed exiting from, or during the inspection of, any hives. Possible reasons for these results are discussed. The variability observed in A. tumida reproduction even in controlled laboratory conditions and the difficulty in causing beetle infestations in field experiments involving full colonies suggest that accurately forecasting the A. tumida severity in such colonies will be difficult.
The small hive beetle, Aethina tumida Murray (Coleoptera: Nitidulidae), is an invasive pest of honey bees in North America (Neumann and Elzen 2004) ; initial reports of A. tumida infestations occurred in Florida, in 1998 (Elzen et al. 1999) . In its native range of subSaharan Africa, A. tumida was not regarded as a major pest when first noted by Lundie (1940) . A. tumida adults enter occupied honey bee hives and reside there to feed and reproduce. Gravid females lay eggs on comb, within cells, and in crevices (Neumann and Elzen 2004 ); a single adult female can lay up to 90 eggs in one day (Meikle and Patt 2011) , and >3,900 eggs in her lifetime. Final-instar larvae emigrate from hives to find suitable substrate to pupate (Neumann and Elzen 2004) . Adults emerging 2-4 wk later weigh on average 10-14 mg Frake 2007, Meikle and Patt 2011) . A number of factors have been identified that could drive A. tumida population dynamics on a local level: 1) the richness and size of the food patch (either an entire hive or a part of the hive that beetles can access; Ellis et al. 2002 , Arbogast et al. 2010 , Meikle and Patt 2011 , de Guzman et al. 2014 ; 2) temperature (de Guzman and Frake 2007 , Meikle and Patt 2011 , de Guzman et al. 2014 ; 3) interactions with conspecifics , de Guzman et al. 2014 ; and 4) interactions with bees (Neumann and Elzen 2004) . In some cases large A. tumida populations overwhelm bee colony defenses and cause hive death (Schmolke 1974 , Neumann and Elzen 2004 , Ellis and Delaplane 2008 .
A. tumida weight and population dynamics can be significantly affected by both food quantity and quality. The diets of both A. tumida adults and larvae are diverse; A. tumida are generalist omnivores feeding on pollen, honey, and bee brood (Lundie 1940; Ellis et al. 2002; Arbogast et al. 2009; . Larvae of A. tumida require on average a minimum of 32.1 mg of honey and pollen diet to develop into a reproductively viable adult weighing at least 8.0 mg . Adult beetles as small as 3 mg have been observed, but oviposition has not been recorded for beetles that weigh 6 mg or less ). Food quality can also significantly impact A. tumida population dynamics through its affect on larval survival. Growth and survival of A. tumida larvae fed pollen in laboratory experiments was as great or greater than those fed fermented fruits (Arbogast et al. 2009 ) or only bee brood (Meikle and Patt 2011) .
Temperature also has a strong effect on egg, larval, and pupal development rates, and adult survivorship (de Guzman and Frake 2007, Meikle and Patt 2011).
Larvae kept at 28-32 C with sufficient food can grow from a neonate weighing <0.1 mg to a late instar larva weighing 20 mg in as little as 8 d (Meikle and Patt 2011) . When fed a honey and pollen diet, the average longevity of adult female beetles varied from 11.6 d at 35 C to 92.6 d at 25 C (Meikle and Patt 2011) . Oviposition rate is low at 25 C and adults become sluggish at 21 C, while temperatures above 32 C resulted in rapid development but higher mortality among all life stages (Meikle and Patt 2011) . In the field, within an active hive, beetles will likely find at least some areas of ideal temperature, although that may not be the case for beetles living in a dead or abandoned hive.
Intraspecific interactions can have negative or positive effects on population growth. Competition among larvae reduces the efficiency of food conversion, such as by feeding interference, and therefore the carrying capacity of a patch . When larval density exceeds about 32 larvae per gram of pollen and honey diet, at least some larvae will either die or fail to develop into viable adults . Cannibalism among larvae, even in high density situations, has not been reported (Neumann et al. [2001] reported cannibalism among adults), and larvae can reach the prepupal stage at densities as high as 120 per gram of diet although few if any would be fertile as adults. For adults, the presence of conspecifics may increase oviposition: adult females kept in the presence of two or more other adults laid over three times as many eggs over 25 d than did adults kept only as a pair (Meikle and Patt 2011) . Interactions with honey bees are complex: the bees have highly developed behaviors to protect the colony from invaders (Evans and Spivak 2010) . A. tumida may benefit when bees remove beetle competitors or predators, but bees will also remove A. tumida eggs and larvae Hartel 2004, Spiewok and Neumann 2006) . Gould and Gould (1988) reported that adult bees <6 d old spent the greatest amount of time in cell cleaning and debris removal, but Arathi et al. (2000) and Johnson (2008) observed that "middle aged" bees (12-20 d after emergence) conducted most nest maintenance (Arathi et al.'s [2000] study focused on cell uncapping and cleaning rather than general cleaning). A. tumida can engage in trophallactic mimicry to obtain food from bee workers (Neumann and Elzen 2004) and thus benefit from their interactions with bees, but the beetles are also subject to aggression and social encapsulation (Neumann et al. 2001) .
The main objectives of this work were to examine the effects of different factors on A. tumida population growth in laboratory and field experiments. In a laboratory setting we measured the effects of food quantity and temperature on A. tumida population growth. Meikle and Patt (2011) had found that growth and survivorship of eggs, larvae, pupa, and adults of A. tumida were very consistent within given temperature and diet regimes; the objective here was to observe whether the adult!egg!larva part of the life cycle would be similarly consistent when initiated with similar-aged adults with a fixed amount of food in a controlled environment. The numbers of larvae produced were expected to largely be a function of adult oviposition rates and intraspecific competition effects. The main objective of the field experiments was to examine A. tumida larval survivorship in full hives, including situations with artificially weakened hives.
Materials and Methods
Insect Rearing. Beetle rearing was conducted at USDA-ARS laboratories in Beltsville, MD, and Weslaco, TX. Beetle rearing in Texas was similar to that described by Meikle and Patt (2011) . Forty to 50 adult A. tumida, taken from lab cultures (founded with beetles caught in the vicinity of Weslaco, TX), were placed in an "oviposition chamber," a 30-by 15-by 10-cm plastic container containing a 10-by 10-cm piece of brood comb with 10 ml of honey spread on it plus $230 g high-protein diet ("protein patty") consisting of granulated sugar (44% by weight), Bee-Pro artificial pollen (Mann Lake Ltd, Hackensack, MN; 32% by weight), bee-collected pollen (6% by weight), and water (18% by weight). Scattered in the oviposition chamber were 10-15 "oviposition slides" Frake 2007, Meikle and Patt 2011) ), using Superglue (Henkel Corp., Avon, OH), and then affixing a second slide on top-the oviposition site being the space between the slides. A similar procedure was followed at the Maryland location, except that beetles were offered comb containing pollen and honey rather than protein patty. At both locations, the chambers were placed in a controlled-temperature cabinet at 28 C for the duration of larval development ($10 d). Larvae were then placed into a 2-liter and 15-cm-diameter jar filled with sandy soil (moisture content 5% w/w). The pupation jars were kept at 26 C until emergence of the adults about 3 wk later.
Laboratory Experiments. Reproduction by small groups of beetles with limited food and in the absence of bees was measured using enclosed arenas in a laboratory. Each experimental arena consisted of a 2.5-liter (10-by 10-by 25-cm) plastic container (Tupperware, Orlando, FL), with the lid and bottom painted black to block light. The containers were modified in one of two variations. In the first variation, six 2-mm-diameter holes (to permit passage of larvae but not adults) were drilled in a cluster (within a 5-cm 2 area) near the base of one narrow side of the container. On the outside of the container, one end of a narrow tube made of thin plastic sheeting was glued around the periphery of the holes and the other end glued around the base of a 120-ml polypropylene screw-cap specimen vial (Kendall vials, Tyco Healthcare, MA) with the bottom cut out. Thus, larvae fell from the container through the tube to the cap of the vial, which was removed to extract larvae. In the second variation, a 3-cm 2 circular section of the container, next to the base of one of the narrow sides, was cut out and a piece of plastic tubing was inserted in the hole with the opening to the tubing covered with metal screen with a grid of 2.3 mm 2 . The other end of the tubing was inserted into a hole cut into the bottom of the 120-ml screw-cap vial.
Each experiment had two food treatments and two temperature treatments. Five boxes were prepared for each food and temperature combination, for a total of 20 boxes per experiment. At the start of each experiment either 10 or 20 g of a honey and pollen diet, consisting of bee-collected pollen (61% by weight) and honey (Magic Valley Honey and Pollination, Pharr, TX; 39% by weight), was placed in each container, at the end opposite from the exit to the tube. Two pieces of watersoaked cotton and five oviposition slides (see above) were placed on top and to the sides of the pollen diet. Twenty adults (1-2 d old) were obtained from the laboratory culture, sexed (see Neumann et al. 2013 ) to ensure a 1:1 sex ratio, and placed in each container. Containers were placed in a growth chamber (Percival Scientific, Perry, IA) set at either 28 C or 32 C, with a relative humidity (RH) of 50%. Wooden dowels (1 cm diameter) were placed under one end of the container to raise the exit and reduce the chance of larvae tumbling out by accident. Larvae emigrating from each container each day were counted and weighed as a group. When no larvae appeared for at least 2 wk, the containers were inspected for beetles and food. The experiment was conducted three times; first using A. tumida colonies and facilities in Weslaco, TX, and thereafter using beetle colonies and facilities in Beltsville, MD.
Field Trial 1. An experiment was conducted to observe larval survivorship in healthy bee colonies through the introduction of frames heavily infested with A. tumida eggs. Twenty bee colonies were established in April, 2011, using 1 kg bee packages (R Weaver Apiaries, Inc., Navasota, TX), placed in painted, 10-frame, wooden Langstroth deep boxes (51 by 42 by 24.5 cm 3 ) fitted with solid bottom boards and telescoping metal lids (Mann Lake Ltd, Hackensack, MN) near Edinburg, TX. One shallow (51 by 42 by 17 cm 3 ) box was added to each hive two months later. In July, seven healthy colonies, containing at least four deep frames with brood and sufficient pollen and honey, were inspected for symptoms of A. tumida infestation by examining all frames, lids, boxes, and bottom boards. A Plexiglas entrance trap (Arbogast et al. 2012) was affixed flush to the bottom board of each colony in the study and filled with vegetable oil to trap emigrating A. tumida larvae. One week later, 13 shallow frames containing similar amounts of honey and pollen (no brood) were collected from healthy hives in another apiary in Weslaco, TX, carefully inspected and observed for 3 d for any signs of A. tumida. Each frame was weighed on an electronic balance, and then placed in a separate nylon mesh bag. Ten male and 10 female beetles, recently emerged (<7 d) in the laboratory colony, were placed in each mesh bag. The bag was sealed, kept at 32 C for 48 h, and then the adult beetles were removed. Six frames were then re-sealed in their mesh bags and placed in an incubator at 32 C and 40% RH. The remaining seven frames were transported to the apiary, and each placed in the center of a super box (one frame per colony). After 2 wk, the laboratory bags were opened and all larvae counted. Entrance traps in the apiary were monitored for A. tumida larvae for 3 wk, after which the hives and particularly the experimental frames were examined for A. tumida larvae or adults.
Field Trial 2. An experiment was conducted in August, 2012, to artificially weaken bee colonies, by removing capped brood, and observe A. tumida reproductive success. First, 14 bee colonies were established with 1 kg packages (Honey Bee Genetics, Vacaville, CA) in the same manner as in Field trial 1. Prior to the start of the trial, colonies were evaluated for the presence of a queen and/or eggs and for sufficient food resources; the amount of sealed brood was visually estimated for each colony based on quarter frame units (following Delaplane et al. 2013 ). Hives were inspected for A. tumida. Entrance traps were installed (see Field trial 1) on all colonies and the reservoirs filled with diatomaceous earth to trap larvae (Cribb et al. 2013) . Colonies were randomly assigned to one of four groups: 1) all frames with sealed brood removed and replaced with frames of empty drawn comb, and 30 newly emerged adult A. tumida introduced 5 d later into each hive (so youngest adult bees were >5 d old); 2) sealed brood removed and replaced with drawn comb but no A. tumida introduced; 3) brood left intact but 30 adult A. tumida introduced; and 4) control hives (untreated). Thirty beetles exceeded the average number of beetles reported in hives in the United States by de Guzman et al. (2010) and approximated or exceeded the median values at most sites evaluated by Spiewok et al. (2007) . Three hives were assigned to each group, except for the control group, which had five. Beetles were transported carefully to the apiary in an enclosed vehicle and quickly added to the top boxes after smoking the hives. Beetle traps were monitored twice per week for 3 wk, after which all hives were inspected for brood and A. tumida infestation.
Field Trial 3. An experiment was conducted in November, 2012, to observe the effect of multiple introductions of A. tumida adults on reproductive success. Fifteen established healthy honey bee colonies, most of which were involved in Trial 2 (and therefore likely had A. tumida adults) were visually inspected for A. tumida as in Trial 2, and randomly assigned to one of three groups: 1) single introduction of 20 unsexed, newly emerged adult A. tumida; 2) four introductions (once every 3-4 d) of 20 newly emerged adult A. tumida; and 3) no treatment (control). Hives were fitted with entrance traps, as described for Trial 2, a week before treatment application. On 6 November 2012, the number of frames of sealed brood and the pollen and honey resources were quantified as for Trial 2. Hives were weighed using a portable electronic balance (Model CQ100L, OHaus Corporation, Pine Brook, NJ) on 6 November and at the conclusion on 28 November.
Statistics. Data were analyzed using R (R Development Core Team 2014). Differences among treatments were measured using three response variables for each box (total of 60 boxes): total number, total mass, and average mass of emigrating larvae. For each analysis, a mixed linear model (R functions lme and lmer) was carried out with container nested within experiment as random factors, and effects were evaluated using t tests. Temperature and food level were included as categorical variables. The dependent variable was total number in the first analysis, and total mass in the second and third analyses. In the latter, total number was included as a covariate to predict the mass/number relation. Each analysis started out with a full model, incorporating the interaction term. Residual plots were visually inspected, and transformations carried out as appropriate to stabilize the variance (see Results for details). The models were subsequently reduced, removing nonsignificant terms (a ¼ 0.05) individually, taking out complex terms first (Crawley 2007) . Regressions coefficients are presented as estimate 6SE and backtransformed from log-scale as needed. Field experiment data were analyzed using t-tests when the use of parametric tests was justified, or nonparametric tests.
Results
Lab Experiments. Data from two replicate boxes (Exp. 2, 10 g food, 28
C) were excluded due to a labeling error. Data for daily count of emigrating larvae (Fig. 1) , total daily mass of emigrating larvae (Fig. 2) , and average daily mass per larva (Fig. 3) are shown. No food was found left in any of the boxes at the end of the experiment, and food conversion efficiency was calculated by dividing the total larval mass by the total food mass for that container (Fig. 4) .
The count and mass of larvae were log 10 -transformed to achieve homogenous residuals for the statistical tests. Visual inspection of the data showed one or two peaks, indicating that larval emigration from boxes occurred in either one or two cohorts. The total number of larvae produced depended both on temperature and food quantity. At 32 C the same average number of larvae emigrated from containers having either 10 g or 20 g of food. At 28 C, fewer (P ¼ 0.03) larvae emigrated with 10 g food than the merged data at 32 C while more (P ¼ 0.0001) larvae emigrated with 20 g food than the merged data at 32 C (Table 1) . Results for total larval mass were somewhat different. The geometric average total mass of larvae produced was lowest at 10g food, with no difference between temperatures; with 20 g food larval mass was significantly higher at 32 C (P ¼ 0.0001) and higher still at 28 C (P < 0.0001; Table 2 ). Food conversion efficiency, e, was calculated for the 10 g food treatment, e ¼ 3.159/10 ¼ 32%. If e were the same at 20 g food, we would expect twice as much larval mass to be produced, i.e. an expected difference in the regression intercept of log 10 (2) ¼ 0.301. The relationship was confirmed in the 28 C treatment (y ¼ 0.339 À 0.301, t 26 ¼ 0.877, P ¼ 0.39) but not in the 32 C treatment (y ¼ 0.193 À 0.301, t 26 ¼ À2.51, P ¼ 0.02), indicating that e differed between the two food treatments at the higher temperature.
Only food had an impact on average larval mass. The reduced model was log 10 ðmÞ ¼ alog 10 ðnÞ þ b;
where m is the total mass (mg) and n the total number of larvae produced, b is the regression coefficient for food, and a is a regression coefficient which determines the curvature of the relation (Fig. 5 ). If a ¼ 1 then 10 b would be the density-independent average larval mass, while a < 1 would indicate food competition with higher larval densities resulting in smaller larvae. We found a ¼ 0.607 6 0.061, significantly different from 1 (t 33 ¼ 6.41, P < 0.0001), with b ¼ 1.885 6 0.184 at 10 g food and b ¼ 2.019 6 0.195 at 20 g food differing significantly (difference ¼ 0.134 6 0.026, P < 0.0001). Larvae attained, on average, 36% more mass in the 20 g than in the 10 g treatments. Field Trial 1. Frames kept in the laboratory weighed an average of 995 g (SD 333, range 542-1,472 g) and yielded an average of 1,118 larvae (SD 664, range 336-2,236). Frames placed in hives weighed an average of 965 g (SD 327, range 583-1,442). No A. tumida larvae were recovered from the hives or entrance traps, nor were signs of beetle infestation observed within the colonies during inspection. At the end of the experiment, all colonies had their original marked queens.
Field Trial 2. Colonies were queenright and had an average of 3.4 frames (SD 0.7) of brood at the start of the experiment. No A. tumida larvae were recovered from the hives or entrance traps, nor were signs of beetle infestation observed within the colonies during inspection. One colony in group 1 died or absconded and those data were removed from the analysis; no A. tumida were found in that hive. Brood variances were unequal among groups, so an ANOVA on ranks was conducted. The Kruskall-Wallis H test (8.82, df ¼ 3, P ¼ 0.032) was significant; the only significant post hoc contrast (Dunn's method) showed that group 2 (brood removed; no A. tumida added) had less brood than control colonies.
Field Trial 3. Colonies were queenright and had an average of 2.9 frames of brood (61.6 SD) prior to treatment application. No A. tumida larvae or adults were observed in any hives or entrance traps during inspections, either before or after treatment application. Weather precluded final estimation of sealed brood, which is in any case reduced in late November. Hives lost an average of 3.0 kg (range: 1.55 to 6.15 kg); treatment did not affect weight change (P ¼ 0.25). Ants were observed on and within several bee hives in the second and third field experiments. In 2013 collections of ants were made at that site and identified (by S.C.) as Forelius mccooki (McCook) (Hymenoptera: Formicidae). All groups included at least one infested hive, but most hives had few or no ants.
Discussion
Previous laboratory studies have shown that growth and survivorship of A. tumida, when observed from egg to emergence as an adult, are predictable to a high degree. Egg hatch rates, in humid conditions, are largely determined by temperature, and as larvae are not cannibalistic, the development and survivorship of single-cohort groups are almost entirely a function of temperature and the amount of food available to each individual . Pupal development and survivorship have likewise been shown to be strongly influenced by temperature Patt 2011, Arbogast et al. 2012) , soil moisture content (Bernier et al. 2014) , and soil depth (Meikle and Diaz 2012) .
These laboratory studies concerned the beetle's life cycle from adults through oviposition to mature larvae, that is, the part of the life cycle including oviposition. The containers in these studies were intended to simulate conditions in a bee hive: a limited amount of food, and constant darkness, high humidity, and high temperature. The resulting numbers and masses of larvae were highly variable across the separate experiments as well as among replicate arenas within the same treatment, and neither amount of food nor temperature affected larval number, mass, and conversion efficiency in consistent ways. Both uni-and bimodal emigration curves were observed, suggesting in some cases more than one cohort of larvae. Several factors may have contributed to these observations. First, while temperature, and the presence of conspecifics, bee brood, and pollen, clearly affect oviposition, it has been found to be highly variable even for beetles kept under constant conditions with abundant food (see Meikle and Patt 2011, Figs. 7-9) . About 10% of the females fail to lay eggs even under ideal conditions (Arbogast et al. 2010, Meikle and Patt 2011) . Second, food quantities were likely inadequate for the growth of all hatched larvae. The average weight of emigrating larvae generally increased over time (although not monotonically), which may have been due to smaller larvae emigrating earlier than larger larvae in their desperate search for more food. The average larval weight was usually less than 11.3 mg, the weight determined to be the minimum for development into a sexually viable adult, suggesting that many larvae emigrated in search of more food rather than a pupation site. It is possible that more eggs were laid than the number of larvae would indicate; desiccated corpses of neonate larvae are small and easily confused with other forms of detritus within the arena (authors' observation).
To observe the effects of a bee colony on A. tumida larval survivorship and reproduction, we attempted to induce infestations by: introducing frames infested with A. tumida eggs; removing sealed brood (to reduce the number of cleaning bees) before introducing A. tumida adults; and simply repeated introductions of adults. We did not observe any larvae emerging from any hives, even after eliminating a cohort of young bees to reduce colony hygienic behavior, in the second trial (bees from other cohorts may have taken up the missing social functions [Huang and Robinson 1996] ). Bee colony size may have played a role. Mustafa et al. (2014) measured A. tumida immigration into full and nucleus colonies (24 of each) in Australia over 4 wks, and observed up to 306 adults in a single full colony with no accompanying damage, but half the nucleus colonies suffered measurable or catastrophic infestations. Few manipulative field studies on A. tumida have been conducted with full colonies.
The variable reproduction in the laboratory and our inability to cause A. tumida infestations in full strength colonies in southern Texas are probably unrelated, but the former result has implications for development of an accurate simulation model of A. tumida dynamics to forecast outbreaks, particularly in an already variable field environment, and the latter result underscores the difference between full strength and nucleus colonies with respect to susceptibility to severe A. tumida infestations. Food quantity effects at 32 C were not significant and pooled for comparison with values at 28 C. Intercept (ŷ) and contrasts (Dy) shown as log 10 -transformed value 6 SE. Temperature effects with 10 g food were not significant and pooled for comparison with values at 20 g food. Intercept (ŷ) and contrasts (Dy) shown as log 10 -transformed value 6 SE. 
